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Lindgren's report was considered to contradict my experimental findings. In my view, however, absence of subjective and objective disturbances in the health of active workers exposed to fairly low concentrations of CO (COHb< 10%) does not constitute proof against persistent and cumulative effects of CO as demonstrated by alteration of response in flicker fusion tests. REFERENCES Berg 0 (1949) Acta psychiat., Kbh. Suppl. 58 Dalhamn T (1952) Nord. med. 15, 2035 (1944 ) Svenska Lakartidn. 44, 8 (1948 Actaphysiol. scand. 16,201 (1956) This paper summarizes a group of studies2 done during. the past three years on the physiological response of the lungs to sulphur dioxide (SO2). Although the reactions of the lungs to an irritant may be quite diverse, I shall be concerned with just one feature of this response, namely the changes in airway calibre reflected in measurements of pulmonary flow resistance (PFR). The subjects were volunteers who appeared to be free of underlying pulmonary disease. 'Aided in part by US Public Health Service Grants S-8, RG-4408 and OH-00100-02 'The following persons participated in one or more of these studies, in some instances as the primary investigator: MO Amdur, F E Speizer, J L Whitenberger, J Worcester, R E Yoder and E Yokoyama The range of SO2 in these experiments exceeds that which is generally encountered in urban air pollution, although industrial labourers may on occasion be exposed to higher levels. However, there appear to be susceptible persons who react to quite low concentrations of the gas (Sim & Pattle 1957). Moreover, it is possible that the low concentrations of SO2 that are found in polluted air, may, in association with other irritant gases and particles that are also present, be sufficient to impair the function of the lungs.
Dose-response Relations
In the first series of experiments, the subjects breathed SO2 by mouth (Frank et al. 1962) .
Three concentrations of gas were used: 1 ppm (range 1-2), 5 ppm (4-7) and 13 ppm (10-16). Exposures lasted 10-30 minutes and were spaced at least one month apart. The cesophageal catheter technique was used to measure pulmonary flow resistance (PFR), expressed in cm H20/l./sec. The subjects were seated in a volume-displacement body plethysmograph (Mead 1960) .
Results: Only one subject showed an increase in PFR in response to 1-2 ppm of S02. He was a 23-year-old student with no past respiratory illness except for an infrequent cold and had smoked up to one pack of cigarettes a day for six years. It is noteworthy that his control PFR was the highest encountered: 3 -42 cm H20/l./sec compared with a range of0'80-1-68 cm H2O/I./sec for the remaining 10 subjects. The group, in response to 5 ppm of S02 for 10 minutes, showed an average increase in PFR of 39 % above control levels (p<0'01). At 13 ppm there was a rise in this group of72 % above control (p <0-001 The end-expiratory thoracic gas volume showed no consistent change when 1 and 5 ppm of SO2 were administered, and an average increase of only 0-3 1. (p<0 01) in response to 13 ppm. An increase in thoracic gas volume would tend to offset the observed change in PFR. ofexposure to SO, by mouth A discrepancy in timing was observed between the onset and progress of symptoms and the changes in PFR. Coughing, throat and upper chest irritation appeared with the first few breaths of SO2. The symptoms reached a peak within a few minutes but thereafter subsided at a time when the mechanical response of the lungs was still intensifying.
Comment: The cause of these changes appears to be bronchoconstriction rather than tissue swelling or cedema (Widdicombe 1963) . The bronchoconstriction is probably mediated through vagosympathetic nerve reflexes, although direct action of the gas on bronchial smooth muscle has been implicated (Salem & Aviado 1961) . The partial refractoriness to SO2 which generally appeared towards the end of the half-hour exposure is unexplained; it may reflect reflex adaption.
Addition ofa Physiologically Inert Aerosol The next experiments were prompted by the observation that addition of sodium chloride (NaCl) in submicronic particles to inspired air potentiated the bronchoconstricting effects of SO2 in guinea-pigs (Amdur 1959) . By itself, the aerosol evoked no response. NaCI aerosols occur naturally in the environment so that the finding had important health implications. Six subjects were exposed to each of three levels of SO2, alone and in combination with NaCl aerosol (Frank, Amdur & Whittenberger 1964) . The SO2 levels were 1-2, 4-6 and 14-17 ppm. The techniques of measurement were identical with those used in the first study. The aerosol was made by dispersing 1 % NaCl solution from a Dautrebande generator, model D30, operated at 15 lb/sq. in. (Delaunois et al. 1956 ). The geometric mean diameter of the particles, measured by the electron microscope, ranged from 0 04-0 15,u in different experiments; the geometric standard deviation was 2-1-2-3. The average concentration was 18 mg/cu.m, ranging between 10-30 mg/cu.m. The aerosol was virtually the same as had been used in the animal experiments.
Results: The changes in PFR induced by the gas alone and by the gas-aerosol mixture were similar. PFR did not change significantly when 1-2 ppm of SO2 alone, or with the aerosol added, were inhaled and showed a graded increase in response to the two higher levels of gas. (The average change in PFR during exposure to 5 ppm of SO2 plus aerosol was not significant at the 5 % level.) Exposures lasted 30 minutes; once again the change was maximal after 10 minutes and thereafter receded partially.
In a companion set of experiments, the gas alone and the gas-aerosol mixture were given in sequence, separated by a 15-minute period of clean-air breathing. Each type of exposure occurred first in the sequence an equal number of times.
It was found that the initial exposure, whether to the gas alone or to the gas-aerosol mixture, evoked the greater increase in PFR (Figs 3 and 4) .
Comment: The contrasting behaviour between the human subjects who exhibited no potentiation following addition of a sutmicronic NaCl aerosol to SO2, and guinea-pigs which showed a heightened response, remains unexplained. Human subjects appear to undergo physiological adaptation (in terms of PFR) during short-term exposure to SO2, whether the gas is breathed continuously (Frank et al. 1962) this text, PFR measured during mouth-breathing includes the resistance to flow of the mouth; PFR during nose-breathing excludes the mouth component). For the nasal exposure, a hard plastic mask was worn that fitted over the bridge of the nose and lower face. The levels of gas were deliberately made high: 15 and 29 ppm, to emphasize possible differences in response.
Results: PFR increased significantly in 9 of the 12 experiments in which SO2 was administered by mouth, whereas an increase was found in only 3 out of 12 exposures to the same levels of gas by nose. The average changes are shown in Frank, in prep.aration); uptake of SO2 by the mouth was not studied. Sampling was controlled by the subject. Gas was collected from several sites during either inspiration, expiration, or both stages of the respiratory cycle alternately. The two sites to be commented on were: a point about 2 cm in front of the nose in the direct path of the air stream, and another point as far back in the oropharynx as could be tolerated. The collecting procedure imposed a regular pattern of breathing on the subjects who tended to hyperventilate. In general, 8-10 minutes of intermittent sampling were required for a single analysis. Exposures lasted about 30 minutes. subjects exhibited an increase in NFR. In fact, in response to 15 ppm of SO2, NFR rose on the average more than did PFR (Fig 6) . The subjects rarely coughed or experienced chest irritation when breathing SO2 by nose; these same symptoms were not infrequent when exposure was by mouth.
Comment: Judging from the extent and severity of symptoms, it appeared that SO2 penetrated farther along the airways when inhaled by mouth than by nose. The finding that PFR increased more consistently during mouth-breathing probably strengthens this likelihood. It should be noted that the nose may also undergo changes in calibre in response to SO2 so that the total change in respiratory flow resistance, including NFR as well as PFR, may exceed the increase in PFR that follows exposure by mouth.
SO2 Absorption
An additional step was to measure directly the uptake of SO2 in the airways while the subjects breathed spontaneously. SO2 is highly soluble, dissolving about 50 times more readily in water at 380CthandoesCO2. Dalhamn&Strandberg(1961) showed that rabbits exposed by nose to 100-200 ppm of SO2 for 30 minutes absorbed 90 % or more of the gas before the level of-he lower trachea was reached. Absorption by the animals was nearly as complete when the gas was administered by mouth.
The measurements were performed on 7 subjects exposed to SO2 by nose (Speizer & Results: The average concentration of SO2 entering the nose was 12 4 ppm. Of this amount nearly 99 % was absorbed by the nasal pharyngeal mucosa in inspiration. The rate of absorption did not change over the 30-minute period of exposure. Expired gas coming from the lungs was essentially free of SO2 at the level of the pharynx (there may have been traces of the gas in some samples). Some desorption occurred from the nasal mucosa so that expired gas leaving the nose contained an average of 2-0 ppm of SO2.
The net uptake by the airways was therefore 84 %. Average values for these results are shown in Fig 7. Comment: The results on nasopharyngeal absorption of SO2 are similar to the observations by Dalhamn & Strandberg (1961) Standard deviations of measurements of TIMEminutes radioactivity are indicated the gas at the surface of the tissue probably remains in physical solution during the time required to complete a respiratory cycle.
The virtually complete absorption of the gas by the upper airways (it may be less complete when breathing is by mouth), raises the question of where the receptor tissue is that initiates the reflex change in bronchomotor tone. For the purpose of this brief discussion, the possibility that the receptor tissue lies beyond the airways, perhaps in the systemic circulation or brain, will be set aside and consideration given only to sites within the respiratory tract. The evidence from these studies suggests that the SO2, even during mouth-breathing, may not persist in the inspired air beyond the larynx and trachea. If stimulation -of the larynx and trachea is responsible for most of the mechanical changes in these experiments, then it is reasonable to conclude that these two -sites are sensitive to quite low levels of the gas. Another consideration is that irritation of the nasal mucosa may, reflexly, have caused narrowing of the airways. Agents other than SO have been effective this way (Rall et al. 1945 ), but the importance of the nasobronchial reflex is still controversial (Nadel & Widdicombe 1962) . (A mechanism by which the more distal airways may be directly exposed to SO2 will be taken up next.)
35S Excretion into Lung
Some of the findings in the experiments on SO2 absorption suggested that SO2 might be excreted into the lung from the pulmonary capillary blood.
A study is now under way on dogs to test this possibility, and only preliminary data are presented. In the experiments that have been done, the animals were anEesthetized and ventilated on room air through a tracheal cannula by a respiratory pump. The airways of the head and upper neck were isolated surgically and 55S02 was blown through the isolated segment at a rate of 3 ./min. Expired gas samples were collected at the tracheal bifurcation and in one of the bronchi at a point 5 cm beyond the bifurcation. The expired gas samples were analysed with a vibrating reed electrometer. Exposure was to 22 ± 2 ppm of 35S02 and lasted 30-60 minutes.
Results: A gaseous phase of 35S was present in expired air collected from the airways. The results of one experiment are shown in Fig 8. The amount of radioactivity was very slight as might be expected if a highly soluble gas had proceeded from the alveolar level to the point of sampling (bronchial). The data suggest a new pathway through which the parenchyma and lower airways may be exposed to SO2 and perhaps to other soluble gases. It is possible that exposure 'from below' may be a factor contributing to the mechanical changes of the lungs.
